During chick limb development, the Abd-B subfamily of genes in the HoxA cluster are expressed in a region-specific manner along the proximodistal axis. To elucidate the function of Hoxa-13 that is expressed in the autopod during normal limb development, Hoxa-13 was misexpressed in the entire limb bud with a replication-competent retroviral system. Misexpression of Hoxa-13 resulted in a remarkable size reduction of the zeugopodal cartilages as a result of the arrest of cartilage cell growth and differentiation restricted in the zeugopod. This size reduction seems to be attributable to homeotic transformation of the cartilages in the zeugopod to the more distal cartilage, that of the carpus/tarsus. This transformation was specific to Hoxa-13 and was not observed by overexpression of other Hox genes. These results indicate that Hoxa-13 is responsible for switching the genetic code from long bone formation to short bone formation during normal development. When the limb mesenchymal cells were dissociated and cultured in vitro, Hoxa-13-expressing limb mesenchymal cells reassociated and were sorted out from nonexpressing cells. Forced expression of Hoxa-13 at the stage that endogenous Hoxa-13 was not expressed as of yet altered the homophilic cell adhesive property. These findings indicate the involvement of Hoxa-13 in determining homophilic cell-to-cell adhesiveness that is supposed to be crucial for the cartilage pattern formation.
Morphogenesis of the limb bud is an ideal model for studying the mechanism of pattern formation because the essential processes of most pattern formation in vertebrate development, such as the axial determination, regional control of cell growth, and differentiation, are required in this simple system (for review, see Wolpert 1990; Tabin 1992; Duboule 1994) . Localized positional signals were proposed to define the three axes of the limb bud for proper initiation and maintenance during the process of pattern formation. Recently, the molecular nature of these positional signals was elucidated as secreted signal molecules (Niswander et al. 1993; Riddle et al. 1993; Parr and McMahon 1995) . These localized positional signals are then transferred to the limb mesenchymal cells and support polarized growth of limb bud with complex cross-regulating circuit (Niswander et al. 1994) . On the other hand, these signals support both temporally and spatially sequential establishment of po3Corresponding author. sition or region-specific positional value in cells of the progress zone.
The primary visible process of limb pattern formation is cartilage morphogenesis after proximodistal progression. The cartilage pattern is formed through two distinctive developmental phases. Initially, the limb mesenchymal cells assemble together and form an aggregate to produce precartilagenous condensation. This precartilage rudiment grows distally by recruitment of the mesenchymal cells at the distal end. In the first phase, the topological pattern of the cartilaginous rudiment is determined along the anteroposterior and proximodistal axes by branching or segmentation bifurcation of the precartilagenous condensation (Oster et al. 1988 ). In the second phase, namely the growth and differentiation phase, each cartilaginous rudiment develops depending on its position, resulting in specific morphology in each cartilage (Hinchliffe and Johnson 1980) . The actual pattern formation process directed by the positional value is assumed to be the local control of cell growth, differentiation, and mobility, as apparently the same precursor limb mesenchymal cells produce position-specific morphology of the limb cartilage.
From the results of structural analyses, vertebrate Hox genes are thought to share a common ancestry with Drosophila homeotic genes, which determine regional identity along the anteroposterior axis in developing fly embryo (for review, see McGinnis and Krumlauf 1992; Krumlauf 1994) . Hox genes have coordinated expression domains along the anteroposterior body axis during ontogeny. Functional studies to produce loss of function by targeted gene disruption in mice showed that homeotic transformation or dysmorphology resulted within the expression domain (for review, see Krumlauf 1994) . Ectopic misexpression of Hox genes to mimic gain of function mutations induced homeotic transformation toward structures anterior to the normal expression domain (e.g., see Balling et al. 1989; Lufkin et al. 1992; Polloc et al. 1992 ). These observations suggest that Hox gene products function as the regulators that determine regional identity as Drosophila homeotic genes.
During vertebrate limb development, the Hox genes in the Abd-B subfamily of HoxD and HoxA (Hoxa-10, Hoxa-1 I, and Hoxa-13) cluster have unique expression domains along the anteroposterior and proximodistal axes, respectively, and the establishment of their expression pattern precedes cartilage pattern formation (Yokouchi et al. 1991b ). Members of the HoxD complex are expressed in a nested and biphasic manner during limb development (Yokouchi et al. 1991 b; Davis and Capecchi 1994) . First, the expression is restricted posteriorly (Dolle et al. 1989; Izpisua-Belmonte et al. 1991; Nohno et al. 1991; Yokouchi et al. 199 1 b) , then the expression domain expands anteriorly as the autopods develop. The second phase of HoxD gene expression suggests a tight correlation of HoxD genes with the posterior-to-anterior progression of the digital pattern of formation in the autopod. The results of comparative analysis of the expression pattern of HoxD gene in teleost fin buds strongly supports this possibility (Sordin0 et al. 1995) . On the other hand, because the expression pattern is correlated with the segmental bifurcation process of precartilagenous condensation, HoxA genes have been proposed to control the position-specific morphogenesis of the cartilage along the proximodistal axis (Yokouchi et al. 199 1 b) . Positional signaling is required for the establishment of coordinated expression of these Hox genes (Izpisua-Belmonte et al. 1991; Nohno et al. 1991 Riddle et al. 1993 . These findings suggest that Hox genes are candidate genes for controlling the patterning and region-specific morphogenesis of limb cartilage as a prepattern (for review, see Tabin 1992) . Recent studies show that animals homozygous to loss-of-function Hox mutations exhibit a defect of cartilage in the normal expression domain (Dolle et al. 1993, Small and Potter 1993; Davis and Capecchi 1994; Favier et al. 1995; Davis et al. 1995) . This suggests that these functions of the Hox gene are crucial to control local growth and differentiation of cartilage during limb pattern formation.
In the present study, we investigated the role of Hoxa-13, which is expressed in the prospective autopod region located in the most distal part of the limb buds during normal development. In later stages of development, the proximal expression boundary of Hoxa-13 lies between the junction of the zeugopod and the autopod. Initiation of Hoxa-13 expression was approximately at stage 22 (Hamburger and Hamilton 195 1 ) , where the first phase of the coordinated expression of HoxD genes has already been established (Yokouchi et al. 1991b) . We analyzed the function of Hoxa-13 in the cartilage pattern formation by targeted ectopic misexpression in developing chick embryos using a replication-competent retroviral vector. Hoxa-13 was found to be involved in determining the specificity of homophilic cell-to-cell adhesiveness of limb mesenchymal cells and in controlling growth and differentiation of the cartilage to produce the short bone charactor (carpal bone) in the ankle/wrist.
Results
Targeted misexpression of Hoxa-13 with a retroviral vector
Previously, we have shown that Hoxa-13 expression is restricted to the presumptive autopod region of the developing chick limb bud (Yokouchi et al. 1991b) . To analyze the function of Hoxa-13, we used the ectopic misexpression method with a retroviral vector. First, we developed and established a method for high-frequency infection that would give rise to a nearly entire leg or wing buds in ovo using a recombinant retrovirus carrying an alkaline phosphatase gene (results not shown). Then, we constructed a replication-competent recombinant retrovirus carrying Hoxa-13 cDNA and IRES (_inter-nal ribosome entry site from the encephalomyocarditis virus)-Hoxa-13 (Fig. 1A ). IRESHoxa-13 was constructed by joining the IRES fragment to the initiation codon of Hoxa-13 cDNA, to increase the amount of the protein product relative to that from the first construct.
To verify the expression of Hoxa-13 mRNA and protein from the recombinant virus, the concentrated virus suspension was injected into the prospective right leg field of stage 10 (Hamburger and Hamilton 1951) chick embryos (Fig. 1B) . Two days after injection, the expression pattern was monitored by in situ hybridization using a viral long terminal repeat (LTR) probe (Fig. 1C,D) and a Hoxa-I 3 probe ( Fig. 1 E,F) on alternate adjacent sections. As shown in Figure lC , the LTR probe detected specific signals in the mesenchymal cells of the nearly entire limb bud indicating effective infection by this method. Hoxa-13 signal was also detected in a similar pattern (Fig. 1E) . The amount of ectopic Hoxa-13 RNA (Fig. 1E ) was comparable to that of the endogenous Hoxa-13 mRNA (Fig. 1F) found in the prospective autopod region of the limb buds. Both endogenous and recombinant viral HOXA-13 proteins were detected by whole-mount immunohis tochemis try with anti-HOXA-13 polyclonal antibody. In the embryos infected with Hoxa-13 virus, the ectopic expression of HOXA-13 protein was detected in the whole leg bud, although the signal was weaker than that of the endogenous HOXA-13 (Fig. lG,I ). On the other hand, the amount of protein product from I R E S Hoxa-13 virus was the same as or more than that produced by the endogenous Hoxa-13 gene (Fig. lH,I ). Thus, Hoxa-13 was misexpressed effectively by this system, changing the amount of protein product.
Reduction in size of zeugopodal cartilages by ectopic Hoxa-13 expression Embryos infected with the recombinant viruses were allowed to develop t o day 7.5 or 9 and the morphology of the skeletal elements in the injected right limb were analyzed using the left limb as control. In the limbs infected with the Hoxa-13 virus, the zeugopodal cartilages were noticeably reduced i n size, whereas the size of the stylopodal cartilage showed only slight reductions ( Fig.  2A-D) . In contrast the autopodal cartilages showed n o alterations i n either shape or size. As a control for Hox gene overexpression, Hoxa-4 virus was injected into the prospective limb field in the same way as the Hoxa-13 virus. Chicken Hoxa-4 was expressed i n the mesenchyma1 cells of the entire limb bud (Burke et al. 1995;  A. Kuroiwa, unpubl.) . In these cases, no changes in the skeletal pattern were observed in the 10 injected limb buds . Three species of mRNA were produced by alternative splicing. Only one species of mRNA from the cDNAs was translatable for Hox protein; however with the IRES sequence, all three mRNAs were assumed be Hox-translatable transcripts. Differences in the amount of the HOXA-13 protein between these constructs are shown below (H,I). (B) Hox viruses were injected to the prospective right leg field of stage 10 embryos (see Materials and methods] . The distribution of the RNA carrying the LTR sequence in Hoxa-I3 virus-injected (C) or control (D) limb buds was determined by in situ hybridization 2 days after injection. The whole right leg bud was infected with the recombinant virus (C) . The distribution of the RNA carrying the Hoxa-13 sequence was also determined in the injected (E) and control (F) limb buds. Expression of the endogenous Hoxa-13 was restricted in the prospective autopod region of the control limb bud at this stage (F). On the other hand, Hoxa-13 transcripts were distributed throughout the whole limb bud infected with Hoxa-13 virus (E) . Signal intensity in the injected side (El was almost equivalent to the endogenous signal (FJ. The same result was obtained from the embryos infected with IRES-Hoxa-13 virus (results not shown). Distribution of HOXA-13 proteins at stage 22+ in the control side (G) (Table l j data not shown). This suggests that the truncation of the cartilages i n the zeugopod observed i n the limb infected with Hoxa-13 virus was specific for Hoxa-1 3 function.
Change in the cartilage morphology of the limbs infected with IRES-Hoxa-13 virus was classified as weak ( Fig. 2F,I ) or strong (Fig. 2G,J) phenotype. In the weak phenotype, the cartilage morphology was nearly the same as that observed in the Hoxa-I3 virus-infected limbs. As shown i n Table 2, the zeugopodal cartilages were shortened to -50% of normal size, and the stylopodal cartilage showed -20% reduction i n size i n the weak phenotype (Fig. 2F,I ]. No visible changes were observed i n the autopodal cartilages. In the strong phenotype, truncation of the skeletal elements was much more severe (Fig. 2G,J) ; the zeugopodal cartilages were shortened to 30% of normal size ( Table 2 ). The stylopodal cartilage was shortened to 70% and the autopodal cartilages were 80% of normal size (Table 2) .
Interestingly, remarkable and specific changes i n the cartilage pattern were observed i n the zeugopod infected with IRES-Hoxa-13 virus. In normal development, the two zeugopodal cartilage tissues have a diaphysis and an epiphysisis, which are characteristic i n the long bone Fig. 3F-H,J) . Thus, the ectopic expression of Hoxa-13 resulted in remarkable truncation of the cartilages in the zeugopod. Strong ectopic expression of Hoxa-13 induced morphological changes in the cartilages and caused extra cartilage formation in the zeugopod.
Ectopic Hoxa-13 affected histological pattern of the zeugopodal cartilages The transformation of long bone cartilage to round cartilage suggested that ectopic Hoxa-13 expression affected the cell differentiation step of the zeugopodal cartilages. In the tibia on the control side, showing the typical long bone morphology, there were three distinct zones along the proximodistal axis (Fig. 4A) (Fell 1925; Oohira et al. 1974 , Stocum et al. 1979 . Between the epiphysis and the diaphysis, there is a quiescent zone containing immature polygonal chondrocytes [ Fig. 4D ), a proliferative zone of disk-shaped proliferating chondrocytes (Fig. 4E) , and a hypertrophied zone composed of hypertrophied chondrocytes ( Fig. 4F ). In addition, the perichondrium surrounds the long bones (Fig. 4C ). In the normal development of the tibia, cell division is observed frequently in the proliferative zone and the direction of cell division is perpendicular to the long axis (Fig. 4E ). Less frequent cell division takes place in the quiescent zone ( Fig. 4D) , with similar direction of cell division in the proliferative zone, and rare cell division is observed in the hypertrophied zone (Fig. 4F ). In the tibia of the infected side, the typical three-zone structure and the perichondrial layer were lost (Fig. 4B) . Instead, precartilagenous mesenchyma1 cells were observed in the peripheral region at high density ( Fig. 4H ) and immature polygonal chondrocytes were found in the central region (Fig. 41 ). These histological features were observed in the quiescent zone of the tibia and in the short bones, such as tibiale in the ankle in normal development (Fig. 4A ). In addition, the tissue profile of the extra cartilage formed in the distal region of the tibia was very similar to the tibiale [data not shown). Thus, the tissue of the tibia in the strong phenotype seemed to be transformed to that of the tibiale in the cell division, which i s the only feature to distinguish these two tissues. In the quiescent zone of the normal tibia, the direction of cell division was almost perpendicular to the long axis (Fig. 4D ). On the other hand, the direction in the tibiale was not fixed to any angle (Fig.  4G ). The directions in virus-infected tibia were completely random (Fig. 4H,I ). This result indicates that the ( Fig. 3A,B ). On infection with IRES-Hoxa-13 virus, however, they lost the characteristic morphology specific to long bones and were transformed into rounded cartilage ( Fig. 3C -E, 3G-J). Moreover, extra cartilages were formed between these two cartilages and the distal region of the zeugopod at high frequency (Table 1; Fig. 3C-E, GJ). These morphological changes in the long long bone cartilage in the zeugopod lost its three-zone structure characteristic to long bone and was transformed to short bone cartilage resembling the tarsus in the ankle as a result of the misexvression of Hoxa-13.
In contrast, no differences were found between experimental and control cartilaginous tissues except in the zeugopod. The metatarsus, the long bone in the autopod,
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and the femur, the long bone in the stylopod, still maintain the three-zone structure in the virus-infected limbs.
No changes were found in the tibiale, fibulare, and distal tarsus 2 and 3.
Ectopic Hoxa-13 expression affects differentiation of cartilage cells
The morphological and histological changes in the zeugopodal cartilages induced by ectopic Hoxa-13 expression were assumed to be attributable to alteration of the process of cartilage differentiation. We analyzed the effect of misexpression of Hoxa-13 on cartilage cell differentiation by monitoring the expression profile of differentiation-specific marker genes at day 7. During normal development, these marker genes are expressed in a differentiation stage-specific manner in the long bone cartilage. Proteoglycan-H (PG-H), a cartilage-specific proteoglycan core protein, is expressed in the mesenchymal cells from the stage of precartilagenous condensation to mature cartilage (for review, see Stirpe and Goetinck 1989) . Proteoglycan-Lb (PG-Lb) is expressed in a subpopulation of immature chondrocytes in the quiescent zone and disk-shaped chondrocytes in the proliferative zone but is not expressed in hypertrophied chondrocytes (Shinomura et al. 1984) . Type X collagen ( ColX) expression is restricted to the hypertrophied chondrocytes in the hypertrophied zone (Linsenmayer et al. 1991) . The expression pattern of PG-H was not affected by Hoxa-I 3 misexpression (Fig. 5A,D) , whereas those of the other markers showed obvious changes. In the zeugopodal cartilages of the uninjected control side, PC-Lb was expressed in the epiphysis and disappeared from the center of the diaphysis (Fig. 5B ). In the injected side, PG-Lb was detected in whole cartilage of the zeugopod, including the central region where expression was not seen in normal development (Fig. 5E ). In the control side, ColX was expressed in the center of the diaphysis of the zeugopodal cartilages (Fig. 5C ), whereas no ColX expression was detected in the injected side (Fig. 5E ). On the other hand, in the long bones in the stylopod and in the autopod, the expression patterns of all three marker genes in Each limb was set flat, and the cartilage pattern was photographed under the low magnification microscope at the same magnification. After printing at the same ratio of enlargement, the length of each cartilage was measured with a ruler. Then the ratio was calculated using the length of control side as a standard. Values are the mean I+-S.E.M. The mean was estimated by setting up the 95% confidential interval about the mean. Weak and strong phenotypes were described in Table 1 . "Number (n) of limbs showing transformation by injection of IRES-Hoxa-13 virus. b~h e ratio of the cartilage length of IRES-Hoxa-13-injected limb to that of control limb. the injected side were not affected ( Fig. 5D-F] . These results suggest that the ectopic expression of Hoxa-13 specifically repressed terminal differentiation of the chondrocytes in the long bones of the zeugopod.
Stage of cartilage differentiation affected by ectopic Hoxa-13 expression Both the mass of the initial precartilagenous condensation and the growth rate of cartilage after condensation determine the length of cartilage (Hinchliffe and Johnson 1980) . In the leg bud, condensation in the zeugopod is complete at stage 25, just after which the cartilaginous rudiments in the zeugopod begin to grow and continue to grow until hatching (Summerbell 1976) . To determine the crucial step for cartilage size reduction by ectopic Hoxa-13 expression, we examined the condensation pattern using PG-H as an indicator in the leg bud at stages 24 and 26. At stage 24, in the control side, the cartilaginous rudiments in the zeugopod were complete for condensation and cartilaginous rudiments in the autopod began to form (Fig. 6C) . In the injected side, the length of the fibula rudiment was slightly shorter than that of the control side ( Figure 6D ). On the other hand, the lengths of the tibia rudiment on the injected side was equivalent to that on the control side (Pig. 6E,FJ. Interestingly, many small cartilaginous condensations were observed ectopically between the fibula and the tibia, near the fibula, and in the distal portion of the tibia rudiment (Fig.  6G,H] . These results suggest that the precartilagenous condensation process in the zeugopod was also affected by the ectopic expression of Hoxa-13. Size reduction of the primary precartilagenous condensation was insufficient to explain the final phenotype. Thus, we postulated that the main cause may be the arrest of growth; therefore, we examined the cartilage pattern 1 day after the above observations. At this stage (stage 261, although the length of the tibia and the fibula on the control side were twice those at stage 24, in the injected side both were almost equivalent in length to those at stage 24 (Fig. 61-L) . The width of the tibia in the control side was 1.5 times that in the injected side. These results indicated that growth arrest of the zeugopodal cartilages already took place between stages 24 and 26. Considering the extent of size reduction in the final stage of our observation (6.5-8 days of incubation), growth arrest seemed to continue at least to this stage. In addition, the accumulation of PG-H mRNA was not affected by ectopic Hoxa-13 expression, suggesting that ectopic Hoxa-13 arrested cell proliferation in cartilage rudiments just after condensation. progress zone at different developmental stages show different cell-to-cell adhesion properties in vitro (Ide et al. 1994) . Therefore, we examined the correlation between Hoxa-13 expression and cell-to-cell adhesiveness.
The mesenchymal cells expressing HOXA-13 from the distal region of quail limb bud, which is equivalent to chick stage 24, and non-HOXA-13-expressing mesenchyma1 cells from chick marginal zone at stage 24 were dissociated, mixed, and cultured at high cell density (Fig.  7A) . The quail distal cells and the chick proximal mesodermal cells were completely sorted from each other after 24 hr of incubation (Fig. 7B-D sion of HOXA-13 was observed in the quail distal mesoderm during incubation (Fig. 7B,C) , whereas chicken HOXA-13 was not expressed at any point during the incubation. Total cell number was increased from 0 to a maximum of 50% during the incubation period; however, no change in the ratio of HOXA-13-expressing to HOXA-13-nonexpressing cells was observed. Therefore, we can exclude the possibility that aggregate formation of HOXA-13-expressing cells was attributable to de novo expression of HOXA-13 or clonal expansion from HOXA-13-expressing cells during incubation. In addition the limb mesenchymal cells from chick and quail never sorted out in the mix culture if their developmental stage and position in the limb bud were equivalent (Ide et al. 1994j data not shown). Hence, we concluded that HOXA-13-expressing cells reassociated in a homophilic manner and formed aggregates.
In the above experiment, the cells in the distal region, and the cells in the more proximal region of the limb buds were in different phases of the differentiation process. It is possible that this difference was responsible for the observed cell sorting. Therefore, we isolated the limb mesenchymal cells from the progress zone at different developmental stages. These cells are considered to be in the same differentiation state. The quail progress zone cells expressing HOXA-13 at stage 25 and the chick progress zone cells from stage 20, which were not yet expressing HOXA-13, were dissociated and mixed (Fig. 7E ). They were sorted from each other after 24 hr of incubation ( Fig. 7F-H ). This result excludes the possibility that the observed sorting was attributable to the difference in differentiation stage of limb mesenchymal cells.
Finally, to demonstrate conclusively the direct involvement of Hoxa-13 in controlling the homophilic cell-to-cell adhesiveness, we examined the behavior of the limb mesenchymal cells misexpressing Hoxa-13. The IRES-Hoxa-13 virus was injected into the prospective leg field at stage 10 followed by incubation until stage 20 at which stage endogenous Hoxa-1 3 was not yet expressed. Then, limb mesenchymal cells were isolated and cultured for 24 hr (Fig. 71) . Approximately 30% of the cells expressed virus-encoded HOXA-13, and these cells reassociated and were sorted from HOXA-13-nonexpressing cells (Fig. 7J-L) . As a control, limb mesenchyma1 cells infected with alkaline phosphate (ALP) virus were used instead of Hoxa-13-infected cellsj reassociation of ALP-positive cells was not significant (Fig. 7M-0 ) . The HOXA-13-expressing cells in Figure 7K formed a clear nodule, but ALP-positive cells in Figure 7N never formed the nodule. During the incubation period, the ratio of HOXA-13-positive cells was not changed significantly (32% at 0 hr and 28% at 24 hr). This evidence and that of ALP-positive cells not showing significant aggregation (Fig. 7M-0) exclude the possibility that aggregation of HOXA-13-positive cells was formed by a secondary infection of the IRES-Hoxa-13 virus to neighboring cells during the incubation period. These results show that Hoxa-13 somehow controls the specificity of homophilic cell-to-cell adhesiveness.
Discussion
Involvement of Hoxa-13 in growth and differentiation of cartilage As Hox genes are expressed in the limb mesenchyme cells during pattern formation of precartilagenous condensation and the perichondrium during cartilage growthldifferentiation, it was proposed that Hox genes might control the cell adhesiveness and growth/differentiation of the cartilage (Yokouchi et al. 1991b) . Infection with Hoxa-13-containing recombinant viral vectors allowed efficient misexpression of Hoxa-13 and induced truncation of the cartilages in the zeugopod (Figs. 2 and  3) . The extent of the shortening was proportional to the amount of the ectopic HOXA-13 protein expressed. In addition, no changes in the cartilage pattern were observed by injection of Hoxa-4 virus. Misexpression of Hoxd-11 in limb bud was shown to induce homeotic transformation of the anterior cartilage to the more posterior cartilage (Morgan et al. 1992) . The phenotype of this transformation is different from the phenotype induced by Hoxa-13 misexpression. These results suggest that the phenotype induced by Hoxa-13 misexpression is unique and specific for Hoxa-13 and indicate that Hoxa-13 is involved in the negative regulation for growth and differentiation of cartilage.
In the developing limb bud, the factors that most influence the final length of the cartilages are the mass of the initial condensation during the cartilaginous rudiment-forming phase and the expansion during the secondary growth phase. In the strong phenotype at stage 24 (just after completion of the condensation in the zeugopod), a slightly smaller initial condensation was formed in the zeugopod; however, this was not sufficient to explain the final phenotype. At stage 26, 1 day later, the cartilages in the infected side showed insignificant growth, whereas rapid growth was observed in normal development. These observations indicate that the size GENES 81. DEVELOPMENT 2517
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reduction of the cartilage length in this experiment was caused by arrest of the growth during the early cartilage growth phase.
During cartilage differentiation, clear morphological and histological changes were observed in Hoxa-I 3-misexpressing limbs (Fig. 2-4) . In the strong phenotype at the late cartilage growth stage, the zeugopodal cartilages lost the three-zone structure characteristic of the long bone. Moreover, ColX mRNA, a specific marker gene for the hypertrophic zone, was not detected in the strong phenotype. These results suggest that Hoxa-13 is involved in down-regulation of cartilage differentiation at the late stage. The differentiation (maturation) of the long bone cartilage progresses successively, beginning from the quiescent zone, turning into the proliferative zone, and finally completing in the hypertrophic zone. The loss of the proliferative zone in the strong phenotype indicates that the chondrocytes in the quiescent zone did not follow the normal differentiation pathway. Hence, repression of differentiation at this step is the main reason for the arrest in cartilage differentiation of the zeugopod misexpressing Hoxa-13. Two mechanisms may be proposed to explain this effect. The first possibility is that Hoxa-13 regulates the expression of the growth factors controlling cartilage growth and differentiation. Various transforming growth factor$ (TGF-PI-related genes are expressed at each step of cartilage development and affect cartilage differentiation (for review, see Lyons et al. 1990; Leonard et al. 1991; Millan et al. 1991; Storm et al. 1994) , and it has been proposed that the successive progression of cartilage differentiation may be regulated by these factors. In the growth stage cartilage of normal embryo, Hoxa-13 is also expressed in the peripheral region of the epiphysis. considering the overlapping expression of TGF-P3 (Millan et al. 1991) , GDF (growth1 differentiation factor)-5 (Storm et al. 1994) , and Hoxa-I 3, the involvement of Hoxa-13 in the regulation of these genes is anticipated. Alternatively, Hoxa-13 may affect the cartilage growth and differentiation indirectly through regulation of other transcription factors. Cells in the tibia expressing Hoxa-13 ectopically showed mitosis in random directions, which is characteristic of the short bone in normal development. During the normal development of the anklelwrist cartilages, such a random direction of mitosis was retained, although expression of Hoxa-13 ceased in the center of the cartilage. This suggests the presence of an unknown transcription factor controlling the randomized division in the short bone cartilage.
The main argument in opposition to our proposal is that ectopic expression of Hoxa-13 in chondrocytes might alter the growth and differentiation mode in a nonspecific manner. Similarly to other Hox genes expressed in the limb bud (Doll6 et al. 1989) , Hoxa-I3 is expressed in the limb mesenchymal cells and its expression ceases in the chondrocytes but is retained in the cells in the perichondrium (Yokouchi et al. 1991b ). However, in the case of our virus constructs, continuous expression of Hoxa-13 gene in the chondrocytes has been observed. In the limb infected with Hoxa-13 virus, Hoxa-13 was also expressed continuously in the chondrocytes not only of the zeugopod but also of the autopod. Even in the strong phenotype, although long bones in the autopod showed slight truncation, histologically and morphologically normal long bones developed in the autopod. Thus, it is unlikely that misexpression of Hoxa-13 in chondrocytes nonspecifically repressed growth or chondrogenic differentiation. We conclude that the repressive effect of Hoxa-13 on cell growth and differenti ation is unique to the mesenchymal cells in the zeugopod.
Homeotic transformation o f l i m b cartilage
The mature cartilage is classified morphologically and histologically as the long bone and the short bone. The rudiments formed in the stylopod, zeugopod, and autopod, except for the carpus/tarsus, grow rapidly and differentiate to the long bone with a characteristic threezone structure. On the other hand, the rudiments formed in the carpusltarsus show little or no growth and differentiate to the short bone consisting of immature chondrocytes.
Strong misexpression of Hoxa-13 induced severe truncation of the long bone cartilages in the zeugopod. The precartilagenous condensation at the early stage was equivalent in size to that of the initial condensation, indicating that this cartilage did not grow. The final morphology of the transformed cartlage was globular and was constructed of immature chondrocytes whose mitotic directions were random. Moreover, the expression patterns of three differentiation markers were the same as those in the short bone. These observations suggest that a homeotic transformation of the long bone to the short bone occurred in the zeugopodal cartilages (i.e., a transformation from proximally to distally). In gain-offunction experiments of Hox genes, it has been shown that homeotic transformation of the vertebrae or rib is restricted to the region anterior to the normal expression domain (for review, see Balling et al. 1989; Lufkin et al. 1992; Morgan et al. 1992) . In this study homeotic transformation was detected in the zeugopod alone, where Hoxa-13 was not expressed originally. This positional restriction agreed with the general rule of posterior prevalence (for review, see Duboule and Morata 1994; Krumlauf 1994) .
Finally, from these results, one important function of Hoxa-13 in normal development is assumed to be the programming of the cartilage rudiments in the ankle1 wrist to develop as the short bone. Hoxa-13 is expressed in the autopod region where both short bones (carpus1 tarsus) and long bones (metacarpuslmetatarsus and phalanx) exist in the proximodistal order. Inconsistency arising from restriction of Hoxa-13 function in determining short bone identity may be explained by the partially overlapping expression domain of Hoxd-13, a paralog gene of Hoxa-13 in the HoxD cluster, in the autopod. At later stages in limb development Hoxd-13 was expressed in more distally restricted regions and the proximal boundary of which lay in the junction between carpus1 tarsus and metacarpus/metatarsus (Yokouchi et al. 1991 b) . In the Hoxd-13 expression domain, cartilage ru-domains in the limb bud. Many members of the cadherin superfamily of genes have been found in vertebrates (Suzuki et al. 1991) . Hence, there may be unknown cadherins or other adhesion molecules expressed in restricted regions of the developing limb buds under the control of Hoxa-13.
Materials and methods
Construction of recombinant plasmids pDS5, a derivative of pDS3 (Iba et al. 1984, 19881 , was used for construction of all recombinant viruses. For construction of pDS5, the unique BglII site of pDS3 was converted to an EcoRV site. The SalI fragment, containing the entire viral sequence of this construct, was transferred into the SalI site of pUC9 to produce pDS5. A cDNA clone encoding human placental alkaline phosphatase (PLAP), a kind gift from Dr. S. Udenfriend (Berger et al. 1987) , was used as a template for PCR using primers carrying EcoRV sites to produce the entire protein-coding sequence. To construct ALP-pDS5, the PCR products were digested with EcoRV and cloned into EcoRV-digested pDS5. The EcoRI fragment of the Hoxa-4 cDNA clone (Sasaki et al. 1990 ) was blunt-ended and cloned into EcoRV-digested pDS5, and the resultant construct was designated Hoxa-4-pDS5. For the Hoxa-13 constructs, the sequence covering the translation initiation site was converted to a BspHI site by PCR. Then, the BspHI-BamHI fragment, which carries the entire protein-coding region and subsequent 3' noncoding sequence, was bluntended and cloned into EcoRV-digested pDS5. The BspHIBamHI fragment was cloned into an IRES-carrying vector (pCITE; Novagen) digested with NcoI and BamHI. Then, the IRES-Hoxa-13 fragment was isolated and cloned into pDS5.
Chick strain and virus production
All animals were obtained as fertile eggs from the supplier (Nisseiken Ltd.). For injection with A-subgroup retrovirus, specific pathogen-free white Leghorn eggs (line M), were used. The procedure for virus production was described previously (Iba et al. 1984 (Iba et al. , 1988 Yoshida et al. 1989) . Briefly, pDS5 derivatives were digested completely with SalI and ligated into SalI-digested PREP containing the sequences essential for viral replication to produce an intact proviral DNA structure. The ligated DNAs were introduced into primary cultures of chick embryonic fibroblast cells by the calcium phosphate transfection method. These cells were subdivided into three plates, 2 days after transfection. The culture medium was changed to fresh medium 5-6 days after the transfection, and the recombinant virus was harvested as culture medium 8-10 hr later. The recovered medium was centrifuged at 3000 rpm for 15 min to remove cellular debris, and aliquots of the supernatant were stored at -80°C until injection.
Microin jection
Microinjection into chick embryos was performed essentially as described by Morgan et al. (1992) . Line M (Nisseiken Ltd.) fertilized eggs were incubated at 38.5"C until the desired stage was reached. Eggshells were opened, and a few of drops of Tyrode's solution were added to prevent drying. Virus stock solutions were concentrated 20-to 25-fold by volume with Ultrafree C3KH (Millipore) to give a final titer of -lo8 infective virus/ml, just before injection. The concentrated virus solutions were injected into the presumptive right leg or wing field (5C100 nl/ injection) at stage 9-10 with microinjector IM-3 (Narishige). Eggs were then sealed and incubated at 38.0°C for the appropriate times.
In situ hybridization
In situ hybridization was performed as described previously (Yokouchi et al. 1991a) . Chick embryos were fixed with 4% paraformaldehyde-PBS and cut into 5-pm serial sections on a cryostat. Each section was hybridized with Hoxa-20, Hoxa-11, Hoxa-13, Hoxd-10, Hoxd-1 1, Hoxd-12, and Hoxd-13 gene-specific antisense RNA probe labeled with digoxigenin. RNA probes were transcribed from genomic clones (Yokouchi et al. 1991b) . Probes for PG-Lb and ColX were isolated by PCR, referring to the published sequences. PG-Lb probe was a 950-bp fragment of a partial PG-Lb cDNA (nucleotides 41-991) (Shinomura and Kimata 1992) . ColX probe was a 645-bp fragment from the noncollagenous region of al(X] collagen cDNA (nucleotides 1690-2335) (Ninomiya et al. 1986) . The PG-H cDNA clone was provided by Dr. Goetinck. Briefly, the 1.3-kb EcoRI-EcoRV fragment from pPG525 (Stirpe and Goetinck 1989) was cloned into pBluescript and used as a template for in vitro RNA synthesis. Specific hybridization was monitored by color reaction through anti-digoxigenin antibody labeled with alkaline phosphatase. Color development was usually carried out for 12-36 hr at room temperature.
Preparation of anti-HOXA-13 antibody A DNA fragment carrying the first ATG of Hoxa-13 cDNA to just amino terminal of the homeo domain was prepared by PCR reaction using synthetic oligomers and a Hoxa-13 cDNA clone (M. Yamamoto, Y. Goto, Y. Yokouchi, and A. Kuroiwa, in prep.] . The PCR fragment was joined to glutathione S-transferase, (GST; Pharmacia pGEX) coding sequence in-frame, then the GST-Hoxa-13 fragment was transferred to the vector carrying the T7 promoter (pETl ld; Novagen). The GST-HOXA-13 fusion protein was produced in Escherichia coli BL21(DE3) pLysS by standard methods (Sambrook et al. 1989 ) and the fusion protein was purified through glutathione-agarose column chromatography (Pharmacia). Immunization and schedule for production of antibody followed standard methods (Coligan et al. 199 1) . HOXA-13-specific antibody was affinity purified by maltose-binding protein(MBP)/HOXA-13 fusion proteinlsepharose 4B column chromatography. The same DNA fragment used for production of GST-HOXA-13 fusion was inserted into the MBP expression vector (pMal-c; NEB). The MBP-HOXA-13 fusion protein was produced and purified according to the manufacturer's instructions. Specificity of the antibody was determined by whole-mount immunohistochemistry and Western blot analysis.
Whole-mount immunohistochemistry
Whole-mount immunohistochemistry was performed as described previously (Davis et al. 1991) . Embryos were dissected and fixed in methanol/DMSO (4:1) at 4°C overnight followed by incubation with 5% H202 in methanolIDMS0 (4:l) for 5 hr. The embryos were rehydrated through a methanol/PBS series and blocked in PBSMT (2% skimmed milk, 0.5% Triton X-100 in PBS) for 2 hr at 4°C. Embryos were then incubated with 1:12,000 diluted anti-HOXA-13 rabbit IgG (145 pglml) in PBSMT for 16 hr at 4"C, followed by washing in PBSMT for a total of 5 hr. Subsequently, embryos were incubated in 1:500 diluted anti-rabbit goat IgG-labeled with HRP (Zymed) in PB-SMT for 16 hr at 4"C, then washed with PBSMT for a total of 5 hr and rinsed with PBT (0.5% Triton X-100 in PBS) for 5 min. Then the embryos were incubated in the detection solution [0.3 mglml of diaminobenzidine (DAB), 0.5% NiC1, in PBT] for 30 min, subsequently, 3% H20, was added (final concentration, 0.015%). Black signal was detected within 1 min. Color development was stopped by rinsing with PBS.
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Embryos were dissected at 6 or 8 days after injection (total, 7.5 or 9.5 days of incubation) and fixed overnight in 10% formaldehyde. The embryos were then immersed in 70% ethanol1 1% HC1 for 3 hr, stained with 0.1% Alcian blue/70% ethanol1 1% HC1 for 3 hr, and washed with 70% ethanol1 1% HC1 overnight. Then, they were dehydrated with ethanol and cleared with methyl salicylate. Paraffin sections were prepared by the standard protocol (Sambrook et al. 1989 ) and stained with hematoxylin and eosin.
Primary cell culture o f chick l i m b mesoderm
Primary cell culture of chick limb buds was performed as described previously (Ide et al. 1994) . Briefly, chick embryos were harvested into cold Tyrode's solution and limb buds were dissected out. The limb buds were washed with fresh cold Tyrode's solution, collected, and treated with 0.7% trypsin1Tyrodes for 40 min at 4°C. The limb buds were transferred to cold Tyrode solution and the ectoderm was removed manually with fine tungsten needles. Subsequently, the limb buds were transferred into calcium, magnesium-free (CMFJ-Tyrode's solution and incubated at 37°C for 40 min. This solution was then replaced with 1 % FCSIF 12, and mesodermal tissues were suspended into single cells by pipetting. Cell numbers were determined and cells were seeded into penicillin cups in 24-well plates (Coster) to a final density of 2x lo5 cellslwell. The penicillin cups were removed 4 hr after incubation and filled with 2 ml of 1 % FCSIF 12. Chick primary cell cultures were rinsed with cold PBS and fixed with 2% paraformaldehyde, 0.5% Triton X-1001PBS at 4°C for 2 hr. Cells were washed with cold PBS and incubated with 1:400 diluted anti-chick monoclonal antibody A223 and 1 :400 diluted anti-HOXA-13 rabbit polyclonal antibody at 4°C overnight. Then, samples were washed with cold PBS and incubated with FITC-conjugated anti-mouse IgG ( 1 :300 diluted; Cappel) and Texas Red-conjugated anti-rabbit IgG (1 :300 diluted; Vector) for 2 hr. Samples were washed and stained with DAPI to determine total cell number and sealed with glycerol; photomicrographs were taken under UV illumination.
